Di-(2-ethylhexyl) phthalate (DEHP) has the potential to disrupt the thyroid endocrine system, but the underlying mechanism is unknown. In this study, zebrafish (Danio rerio) embryos were exposed to different concentrations of DEHP (0, 40, 100, 200, 400 μg/L) from 2 to 168 hours post fertilization (hpf). Thyroid hormones (THs) levels and transcriptional profiling of key genes related to hypothalamus-pituitary-thyroid (HPT) axis were examined. The result of whole-body thyroxine (T4) and triiodothyronine (T3) indicated that the thyroid hormone homeostasis was disrupted by DEHP in the zebrafish larvae. After exposure to DEHP, the mRNA expressions of thyroid stimulating hormone (tshβ) and corticotrophin releasing hormone (crh) genes were increased in a concentration dependent manner, respectively. The expression level of genes involved in thyroid development (nkx2.1 and pax8) and thyroid synthesis (sodium/iodide symporter, nis, thyroglobulin, tg) were also measured. The transcripts of nkx2.1 and tg were significantly increased after DEHP exposure, while those of nis and pax8 had no significant change. Down-regulation of uridinediphosphate-glucuronosyl-transferase (ugt1ab) and up-regulation of thyronine deiodinase (dio2) might change the THs levels. In addition, the transcript of transthyretin (ttr) was up-regulated, while the mRNA levels of thyroid hormone receptors (trα and trβ) remained unchanged. All the results demonstrated that exposure to DEHP altered the whole-body thyroid hormones in the zebrafish larvae and changed the expression profiling of key genes related to HPT axis, proving that DEHP induced the thyroid endocrine toxicity and potentially affected the synthesis, regulation and action of thyroid hormones.
Introduction
Phthalates acid esters (PAEs) as plasticizers are wildly used in different kinds of plastic products, such as food contact materials, blood bags, toys, clothing, adhesives, plastic coating, lubricants, cosmetics and electronics, etc. PAEs have been detected in air, soil and water, and caused serious problems to the wild animals and human beings. Among the PAEs family, di-(2-ethylhexyl) phthalate (DEHP) is the most extensively used PAEs, accounting for approximately 50% of total plasticizer production [1, 2] . Due to wide usage and constant release into the environment, DEHP exists in rivers, lakes and running water at different concentration levels [3, 4] . In Germany, the concentration of DEHP in water systems was found as high as 98 μg/L, even higher to 247 μg/L in the drinking water in Croatia [5] [6] [7] . In China, previous studies reported that the concentrations of DEHP in surface waters ranged from 5 μg/L to 76 μg/L, and in Wuhan section of the Yangtze River from 3.9 μg/L to 55 μg/L [8] [9] [10] . Studies showed that DEHP released into environment can cause severe health risks [11, 12] , but its developmental risks on water system organisms are still elusive.
Phthalate esters can cause endocrine disruptions in organisms by interfering with reproduction and the thyroid hormone (TH) systems [13] [14] [15] . Previous studies proved that DEHP can impair reproduction system by affecting critical factors in oogenesis and spermatogenesis in zebrafish, and disrupt the endocrine of sex hormones in Chinese rare minnow [16] [17] [18] . Moreover, DEHP could cause a risk to human health by disrupting reproductive system [19, 20] . Recent studies showed that DEHP, as an endocrine disruptor, can disturb the thyroid hormone homeostasis. Chen et al. proved that DEHP/Mono-(2-ethylhexyl) phthalate (MEHP) disturbed the body's hormone stability and posed a serious threat to animal development [21] . Wang et al. reported that the accumulation of DEHP caused endocrine disruption in medaka embryos [22] . Zhai et al. showed that MEHP, the hydrolytic metabolite of the DEHP, induced the thyroid endocrine disruption during zebrafish embryos development [23] . However, as one of the most used plasticizers that directly released into the environment, especially into the water systems, the toxicity of DEHP to aquatic organism was seldom reported and should arise our high attention.
Thyroid hormones (THs) play important roles in the processes of differentiation, growth, metabolism, development, growth, and reproduction physiologic actions in fish [24] . The thyroid endocrine system is controlled by hypothalamus-pituitary-thyroid axis (HPT), which is responsible for the thyroid hormone synthesis, secretion, transport and metabolism [25] . In mammals, the hypothalamus secretes the thyrotropin-releasing hormone (TRH), which stimulates the secretion of thyroid-stimulating hormone (TSH) and regulates THs synthesis in HPT axis. While in amphibians and teleosts, the secretion of TSH is stimulated by corticotrophinreleasing hormone (CRH) [26] . In teleosts, THs in plasma can bind to THs transport transthyretin (TTR), and only the free ones enter into target cells to launch a response [27] . Endocrine disrupting chemicals (EDCs) can disrupt the thyroid hormone stability and HPT axis in fish by altering hormone levels, enzyme activities and the expression of genes. Those alterations can be credibly used to evaluate the chemicals effect on the thyroid endocrine disruption [28, 29] . However, the underlying mechanisms of DEHP toxicity on thyroid endocrine system in fish is still not completely clarified.
Zebrafish are widely used in the toxicological researches because of its small size, easy culture, high reproductive performance, rapid organogenesis and sensitivity to the harmful chemicals [30] . Moreover, the thyroid system in zebrafish is similar to mammalian, which can provide a valuable reference for human beings [31] . Therefore, in the present study, zebrafish were used to reveal the mechanisms of the HPT axis disturbance after exposure to DEHP.
Methods and Materials

Ethics statement
The animal protocol for this study was approved by the Animal Care and Use Committee of Chemicals DEHP (No: ALR-097N, 99.6%) was purchased from AccuStandard (New Haven, CT, USA) and dissolved in dimethyl sulfoxide (DMSO, CAS: 67-68-5, purity99.5%, Sigma-Aldrich, USA). Then the DEHP stock solution A (8×10 7 μg/L) and B (8×10 6 μg/L) was stored at 4°C.
3-Aminobenzoic acid ethyl ester or methane-sulfonate salt (MS-222, CAS: 886-86-2, 98%) was obtained from Aladdin (Los Angeles, California, USA), which was used as an anesthetic to treat zebrafish larvae before sampling. All other chemicals used in the present study were of the analytical grade.
Zebrafish maintenance and embryos exposure to DEHP
Wild-type strains of zebrafish (AB) were maintained in a flow-through system at a constant temperature (28°C) and 14:10 (light: dark) photoperiod. Zebrafish were fed three times every day with the newly hatched brine shrimp (Artemia nauplii). Normal adult zebrafish were placed in the breeding box with a ratio of 2:1 (male: female) overnight. Spawning was triggered under light and was completed within 30 min. Then embryos were collected and examined under the stereomicroscope at 2 hours post fertilization (hpf). Embryos developing normally at blastula stage were selected for the subsequent experiments. Two hundred and fifty embryos were randomly distributed into each glass beakers containing 50 mL of DEHP exposure solution (0, 40, 100, 200 and 400 μg/L). There were three replicates for each group, and the exposure concentrations were previously confirmed by a dose-ranging study based on the environmental pollutant concentration. During the experimental process, the zebrafish embryos and larvae were maintained in a biochemical incubator with 28°C and 14:10 (light: dark) condition, and the exposure solutions were renewed daily. The details for preparation of DEHP buffers was shown in S1 Table. After exposure to different concentrations of DEHP until 168 hpf, the larvae were washed with UltraPure water and anesthetized in 50 mg/L of MS-222 for random sampling. Then, the samples were immediately frozen into liquid nitrogen, and stored at -80°C for the subsequent analysis of gene expression and TH assay.
Developmental toxicity
During DEHP exposure, the hatching rate of embryos at 72 hpf was calculated. The larvae developmental parameters for body weight, body length, survival rate and malformation rate at 168 hpf were also recorded. The body length of larvae was measured along the head-to-tail axis under a stereomicroscope.
Total RNA isolation and quantitative RT-PCR analysis
Total RNA were extracted from 30 zebrafish larvae by using RNAiso Plus reagent (Takara Bio Inc., Shiga, Japan) according to the manufacturer's instructions. Then, the purity and quality of the total RNA were measured by using a spectrophotometer and 1% agarose-formaldehyde gel electrophoresis with ethidium bromide staining. The synthesis of cDNA was performed with 1 μg total RNA for each sample by using the Primer Script RT Reagent Kit (Takara Bio, Shiga, Japan) according to the manufacturer's instructions. Quantitative real-time PCR (qRT-PCR) was performed by using the SYBR Green PCR Kit (Toyobo, Tokyo, Japan) on the ABI 7300 System (PerkinElmer Applied Biosystems, Foster City, CA, USA). The primers of the selected genes were designed by using the online Primer 3 program (http://frodo.wi.mit.edu/) and their sequences were listed in Table 1 . The PCR reaction was comprised of an initial denaturation step at 95°C for 3 min, followed by 40 cycles at 95°C for 20 s, 58°C for 20 s, 72°C for 45 s. The dissociation curve used to check the specificity of PCR production was acquired by adding a step of 95°C for 15 s, 60°C for 1 min, 95°C for 15 s at the end of the amplification phase. Ribosomal protein L8 (rpl8) was chosen as the internal control according to the stability result of five candidate reference genes (S1 Fig) . The expression levels of target genes were normalized to rpl8 by using 2 −ΔΔCT method.
The extraction and analysis of thyroid hormone
The method for extraction of whole-body thyroid hormone was modified from Yu et al [32] . Briefly, 200 zebrafish larvae were homogenized in 0.3 mL ELISA buffer using a homogenizer. Then samples were disrupted by intermittent sonic oscillation for 15 min on ice. Next, the samples were centrifuged at 5000 × g for 10 min at 4°C. The supernatants were collected and stored at -80°C for T3 and T4 assay by using enzyme-linked immunosorbent assay (ELISA) kit, which was purchased from Uscnlife (Wuhan, China). The detection limits of T3 and T4 for this kit were 45.5 pg/mL and 1.5 ng/mL, respectively.
Statistical analysis
The normality and homogeneity of variances were analyzed by Kolmogorov-Smirnov test and Leven's test, respectively. Logarithmic transformation was performed for homogeneity of variance, if the data failed the Kolmogorov-Smirnov test. One-way analysis of variance (ANOVA) was applied to calculate the differences between the control and exposure groups followed by Dunnet test using SPSS 20.0 software (SPSS, Chicago, IL, USA). A value of p<0.05 was considered as statistically significant. All values were expressed as the means ± standard error (SEM).
Results
Developmental toxicity
Compared with the control groups, there were no significant developmental toxicity on zebrafish larvae at 168 hpf after exposure to DEHP (S2 Table) . The parameters of hatching, growth, malformation and survival rate, body length and weight were shown in Table 2 . The assay of whole-body T4 and T3
DEHP exposure increased the whole-body T4 and T3 contents in zebrafish larvae at the 400 μg/L concentration groups (p < 0.05) by 35.3% and 56.6%, respectively (Fig 1A and 1B) . While the ratio of T4/T3 was dropped at the highest exposure groups without significant change, compared to the control (Fig 1C) .
mRNA expression profiles
The gene expression of tshβ in zebrafish at 168 hpf stage was significantly up-regulated by 2.02, 2.11 and 2.84 folds, respectively, after exposure to 100, 200 and 400 μg/L of DEHP (Fig 2A) . Compared to the control groups, the transcriptional level of the gene crh was significantly up- regulated by 4.27 and 5.48 folds, when exposed to 200 and 400 μg/L of DEHP, respectively ( Fig  2B) . The transcripts of nis were down-regulated, but had no significant change relative to the control (Fig 2C) . After exposure to 200 and 400 μg/L of DEHP, the transcriptional level of nkx2.1 was significantly up-regulated by 3.62 and 4.52 folds compared to the control, respectively (Fig 3A) . While pax8 has no significant difference between the exposure and control groups (Fig 3B) . In the 400 μg/L exposure groups, tg transcripts were significantly increased by 1.55 folds, but lower DEHP exposure caused no significant change (Fig 3C) .
The mRNA level of ugt1ab involved in TH metabolism was significantly down-regulated by 1.68 folds after exposure to 400 μg/L of DEHP (Fig 4A) . The two isoforms of deiodinases (Dio1 and Dio2) in zebrafish were checked. The expression of dio1 had no significant differences (Fig  4B) , while the dio2 was increased significantly by 2.13 folds after exposure to 400 μg/L of DEHP (Fig 4C) .
In this study, ttr transcripts were up-regulated significantly by 8.81 and 11.17 folds with a dose-dependent manner in 200 and 400 μg/L of DEHP exposure groups, respectively (Fig 5A) . However, the expressions of thyroid hormone nuclear receptors isoforms, trα and trβ showed no significant change at 168 hpf stage in zebrafish after exposure to 0, 40, 100, 200, 400 μg/L of DEHP, respectively (Fig 5B and 5C ).
Discussion
The pollutants of PAEs family become the major global concerns because of their harmful effects on human in the surrounding environment. DEHP, the most common member of the class of phthalates, was widely used as plasticizers. DEHP has been reported to be a xenoestrogen to disrupt the organism's endocrine stability. It is important to investigate the molecular toxicology of DEHP because of its high concentration found in the environment. In this study, we used zebrafish embryos and larvae as the model to evaluate the mechanism of thyroid endocrine disruption caused by DEHP. After exposure to DEHP, the whole-body thyroid hormones levels and the mRNA expression of key genes related to HPT axis were systematically investigated. The results showed that DEHP changed the THs levels and genes expression of HPT axis, suggesting the disturbance effects of DEHP in zebrafish embryos/larvae.
It has been reported that the pituitary gland secreted TSH to regulate the thyroid function, and the TSH secretion could be stimulated by CRH, which might function as a regulator of the HPT axis during larvae development in fish [26, 33, 34] . Thus, TSH assay can be used to detect the functional integrity of the pituitary and thyroid gland, and explain the mechanism of chemical disruption of thyroid function [35] . In this study, we found that the transcripts of crh and tshβ gene were significantly up-regulated after DEHP exposure, indicating that DEHP activated the HPT axis. Interestingly, in the highest exposure groups, the T4 level was also increased. A previous report on zebrafish larvae also showed that chemical exposure could up-regulate the transcription level of tshβ accompanying induction of T4 [36] . However, increasing expressions of tshβ and decreasing contents of T4 in zebrafish larvae were also reported in other studies, which was involved in negative feedback mechanism [23, 37] . Since TSH could initiate TH synthesis and release from the thyroid gland, we speculated that both up-regulation of tsh and crh triggered the increase of whole-body T4 level in the zebrafish larvae.
It was reported that Pax8 protein is required for the late differentiation of the follicular cells, and the transcription factor Nkx2.1 plays an essential role in thyroid development in fish [38] . Previous studies demonstrated that nis and tg are involved in TH synthesis, and nkx2.1 is the main factor to regulate the expressions of nis and tg in the thyroid system [39, 40] . Here, we observed that exposure to DEHP significantly increased nkx2.1 and tg transcription in the highest exposure groups. Zhai et al. also reported that the transcription of nkx2.1 was significantly up-regulated by the increased expression of tg [23] . In our study, we speculated that the up-regulation levels of nkx2.1 might promote the increased tg expression, which contributed to T4 induction.
As the major transport protein of THs, TTR plays an important role in the thyroid axis in fish [27] . Chemicals interfering with the TH binding ability to TTR may directly affect the concentration of free THs and its clearance rate in fish. The combined T4 would make it more stable to hepatic catabolism, resulting in a lesser clearance and an increased circulating TH [41, 42] . Moreover, previous studies showed that down-regulation of ttr gene expression was related to the reduction of T4 levels [23, 32] . In this study, the ttr mRNA level increased significantly after exposure to relatively higher concentrations of DEHP (200 μg/L and 400 μg/L), indicating that DEHP posed a potential risk to thyroid functions by affecting the binding and transporting ability of THs. In fish HPT axis, the biological activities of THs are primarily connected with genes binding to thyroid hormone receptors (TRs) [43] . Liu et al. reported that TRs acted as an inducible ligand-activated transcription factors and could affect the development of embryos [44] . In this study, exposure to DEHP did not alter TRs expression and also showed no significant effects on the development of zebrafish larvae, which was consistent with the previous reports [32, 45] .
In fish, three types of deiodinases enzymes (Dio1, Dio2 and Dio3) play important roles in the regulation of TH levels. Studies proved that Dio1 had minimal effect on plasma TH homeostasis, but a major influence on iodine recovery and TH degradation. While Dio2 catalyzed the primary thyroxine (T4, a pro-hormone secreted from the thyroid follicles) and converted it to biological active triiodothyronine (T3) in the peripheral tissues [46, 47] . Previous study demonstrated that Dio2 played a critical role in T3 production at the early embryonic stages in zebrafish and increased the T3 availability [48] . It was also observed that the up-regulation of dio2 was related to the increase of T3 contents, when zebrafish larvae were exposed to other chemicals [23, 49] . In this study, the expression of dio2 was increased significantly after DEHP exposure at 400 μg/L, which may be partially responsible for the increase of the T3 content and the decline of T4/T3 ratio. The findings of increased dio2 and T3 levels demonstrated that DEHP as the environment endocrine disrupting chemicals (EDCs) altered dio2 expression and THs content via HPT axis in the zebrafish larvae.
It was reported that UGT (uridinedipgosphate glucoronosyltransferases) played important role in TH homeostasis by the T4 conjugation pathway [50] . Other studies proved that the decrease of T4 levels was accompanied with the increased ugt1ab expression after exposure to different pollutants [23, 32, 49] . In this study, it was observed that the gene expression of ugt1ab was down-regulated at 400 μg/L when exposed to DEHP. Thus, we supposed that the decrease of ugt1ab may be another reason for the increasing of T4 concentration in the zebrafish larvae.
THs were reported to be crucial for development, growth, differentiation and metabolism at early embryonic stages in zebrafish, especially for embryo to larval transitory phase and larval to juvenile transition phase [44, 51, 52] . Both lower concentrations of THs and excessive doses of THs might cause fish growth retardation [53, 54] . Fish larvae at early stages are more sensitive to toxic chemicals than adults because of the roles of thyroid hormones [55] . Hence, thyroid disruption can be used to reveal the toxicity of chemicals. In this study, the levels of whole-body T4 and T3 concentration were significantly up-regulated when exposed to two higher concentration of DEHP (200 μg/L and 400 μg/L), but there was no significant change for the developmental indexes, which was similar to a previous work on MEHP toxicity [23] . Reported studies indicated that 14 days or 15 days exposure to DE-71 or PFOS, respectively, in zebrafish larvae caused developmental toxicity [32, 45] . Thus, we speculate that a longer exposure to DEHP may cause the developmental toxicity in zebrafish larvae and more studies should be performed to check the chronic effects of DEHP on HPT axis.
In conclusion, this study showed that exposure to DEHP altered the whole-body THs levels and the expression of HPT axis related genes, proving the DEHP toxicity on thyroid endocrine in zebrafish larvae. This study revealed the possible mechanisms of DEHP disturbance on thyroid development. Due to DEHP as well as other PAEs is continually released into the natural environment, the potential risks caused by chronic exposure to PAEs on wild animals and human beings should be paid special attention. 
